Meteo-oceanographic simulations and observations to assess the potential of offshore wind farm in a NW Mediterranean shelf by Sánchez-Arcilla Conejo, Agustín et al.
 Journal of Coastal Research, Special Issue No. 65, 2013 
 Meteo-oceanographic simulations and observations to assess the potential of offshore wind farms  1651 
Numerical simulations and observations for offshore wind farms in a 
NW Mediterranean shelf 
Agustín Sánchez-Arcilla†‡, Daniel González-Marco†‡, Joaquim Sospedra†‡, Ana Palomares∞, Joan Pau 
Sierra†‡, Frieder Schuon+, Manuel Espino†‡, Manel Grifoll†‡, Elena Pallarés†‡, Pedro Angel Jiménez∞ 
and Jorge Navarro∞ 
†Universitat Politècnica de Catalunya 
(UPC), Laboratori d’Enginyeria Maritima 
(LIM/UPC), Jordi Girona, 1-3, Campus 
Nord-UPC, Edif.D1, 08034-Barcelona 
(Spain) 
agustin.arcilla@upc.edu 
 
‡ Centre Internacional d’Investigació dels 
Recursos Costaners (CIIRC), Jordi 
Girona, 1-3, Campus Nord-UPC, 
Edif.D1, 08034-Barcelona (Spain) 
agustin.arcilla@upc.edu 
∞Centro de Investigaciones Energéticas, 
Medioambientales y Tecnológicas 
(CIEMAT), Av. Complutense, 40, 
28040-Madrid (Spain) 
ana.palomares@ciemat.es 
+IREC, Catalonia Institute for Energy 
Research, Jardins de les Dones de Negre, 
1, 08930-Sant Adrià del Besòs, 
Barcelona, (Spain) 
fshuon@irec.cat 
  
   
 
 
INTRODUCTION 
The Catalan coast site 
The high number of coexisting activities along the Catalan coast 
includes agriculture, aquaculture, ecotourism, conventional 
tourism, industry, fisheries and many other competing uses for a 
limited amount of resources. Among these resources there is a 
need for an always increasing energy supply dedicated, among 
other applications, to the also increasing fresh water requirements 
from desalination plants. The lack of space and limited amount of 
energy supplies justify the search for renewable energy sources 
where wind and sun play a dominant role. In areas such as the 
Ebro Delta and the surrounding coastal sea, the intensity and 
frequency of prevailing winds suggest exploring this alternative. 
However the limited space available in land has motivated the 
development of alternative deployments such as the offshore wind 
farms considered in the Zèfir Test Station. Within this context the 
paper analyses the main physical features of the area, with 
emphasis on the meteo-oceanographic conditions and the 
capabilities and limitations of high resolution simulation models 
for the main oceanographic parameters. The paper also discusses 
the development of an observation platform to be deployed for a 
more reliable assessment of the conditions over such a coastal sea, 
where neither satellite nor in situ measurements provide data with 
enough accuracy and resolution data. 
 The main environmental features of the Catalan coastal sea 
(Figure 1) in the NW Mediterranean are highly conditioned by the 
semi-enclosed character and torrential (impulsive) type of storm 
events. This results in meteo patterns controlled by orographic 
barriers like the Pyrenees, which determine the spatial distribution 
of winds and land–sea temperature differences. Their influence 
can be noticed hundreds of kilometres offshore, carrying cold and 
dry air over the Mediterranean Sea.  
The Catalan coastal sea is a microtidal environment, with mixed 
tides that are predominantly semidiurnal and tidal ranges of about 
20 cm. On the other hand, low pressures in the Mediterranean 
induce strong easterly winds and high waves, as well as significant 
storm surges reaching values of order one meter. High pressure 
(anticyclonic) conditions are very common, especially during the 
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summer period, when the Western Mediterranean is under the 
Atlantic High Pressure Area and during some weeks of January 
and February, when the Central Europe High Pressure Area 
reaches the Western Mediterranean (Bolaños et al., 2009, 
Sanchez-Arcilla et al., 2008). 
Winds are one of the main contributing factors to 
Mediterranean storms. The most energetic storms approach from 
the east and northeast (Bolaños and Sánchez-Arcilla, 2006). These 
storms have a typical duration of a few days, occurring mainly 
from October to April, and are often associated with cyclonic 
activity over the NW Mediterranean (Bolaños et al., 2007). This 
area is fetch-limited, which means that sea waves prevail over 
swell. The more frequent waves come from the east and south 
sectors, having a yearly mean significant wave height (Hs) of 
about 0.8 m. The maximum recorded Hs is close to 6 m, 
corresponding to maximum wave heights around 10 m. The 
maximum recorded wave peak period is 14.3 s, with a yearly 
mean of 5 s, while the maximum recorded mean period is about 8 
s and the yearly mean of 4 s (Bolaños and Sánchez-Arcilla, 2006).
Wind energy in the Catalan shelf. The Neptune 
project 
Renewable energy sources in Mediterranean coastal zones 
include offshore wind energy with turbines that must be deployed 
over a range of water depths due to the narrow continental shelf in 
Mediterranean areas.  
Offshore wind farms need an accurate estimation of the wind 
resource since the maintenance and operational costs are far 
higher than for land stations and for other marine shallower areas. 
The investments for such offshore farms easily exceed hundreds 
of millions of euros which justifies the search for reliable and 
accurate forecasting of meteo-oceanographic conditions. This 
requires a synergic combination of nested and coupled numerical 
models reproducing the main processes in the area and supported 
by field observations over the sea domain (Figure 2). This implies 
in situ data since most available meteorological measurements 
come from land stations (not suitable for characterizing the sea 
domain) and satellite images (not suitable over the Mediterranean 
due to the short duration of events and the large “weight” of the 
land sea border in remote images). There is therefore a need for a 
meteo-oceanographic station suitable for shallow and deep waters, 
as considered by the Neptune project and described in this paper. 
The selected coastal sea area in the northern Spanish 
Mediterranean coast is that in front of the Ebro River valley where 
the orographic control provides a consistent enough wind field 
that favours the energy conversion. This suggested the 
establishment of an International Test Station for renewable wind 
energy in offshore waters, which is denoted as the Zèfir test 
station that will help to develop the scientific and technological 
know-how required to increase the efficiency of the offshore wind 
technology. It will consist of 4 shallow water sites with a 
maximum depth of 40m and a maximum power of 20 MW (all 
within a horizontal distance to the coast of around 3 km). It also 
features a plan to deploy 8 deep water sites at depths larger than 
100m and a maximum power of 50 MW (within a horizontal 
distance to the coast of 20 km). 
The assessment of the performance of such a shelf farm of aero-
turbines in this coastal sea is part of the Neptune project that 
includes the development of a LIDAR buoy prototype (Figure 3) 
 
Figure 1. The Catalan coast site, in the Spanish Mediterranean 
coast. 
 
Figure 2. Computational domain distribution (a) Western Mediterranean (b) shelf area where point A indicates the position of the shelf 
buoy for validation/calibration and (c) coastal domain over the Zèfir test site where points B and C indicate the two coastal buoys also 
deployed for validation/calibration. 
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capable to measure the wind profile up to a height of 200m and 
also including all oceanographic data necessary to design, develop 
and maintain an offshore wind farm. This buoy, suitable to be 
deployed in shallow and deep waters, will provide a ground truth 
data set for validating a coupled and nested sequence of meteo-
oceanographic models that will result in a higher accuracy and 
reliability for areas such as the Mediterranean. The simulation tool 
will be used for hind casting wind conditions (to estimate the 
available energy resource) and for short term forecasts of wind, 
wave and current conditions. 
METHODS 
Improved wind-profile observations over the sea 
surface 
The limitations of remote images and numerical simulations 
near the land-sea border require an in situ validation that cannot be 
performed efficiently with the present state of the art in field 
instrumentation. Because of that we are developing a new system 
of sensors to observe the air and water column including: 
 Meteorological measurements composed by wind profile 
(speed and direction), atmospheric pressure, temperature, 
humidity and precipitation. The wind data are averaged every 
10 minutes. 
 Wave measurements including sea surface elevation, period 
and direction averaged every 20 minutes. 
 Current measurements with a maximum depth of 130 meters,  
an averaging period of  1 hour and including velocity, 
direction and vertical component if required. 
The developed “eOLOS” meteo-oceanographic buoy (Figure 3) 
consists of an optimised shape floating buoy instrumented with 
accelerometers (for wave measurements) and an acoustic Doppler 
current profiler (for the vertical current profiles) plus a LIDAR 
located at the upper part of the buoy, above the region of direct 
wave impact. The LIDAR measurements are corrected by a 
mechanical motion compensation frame and are supplemented by 
a meteorological station. The total buoy diameter is of around 4m 
with a total mass below 4.0tn. The buoy has also two small wind 
turbines and solar panels on all free, exposed areas. The aim is to 
supplement the life of the buoy batteries so that it can be 
autonomously deployed for long periods of time. 
The buoy structure has been designed to be large enough and 
stable enough so that all elements can be accommodated and 
allowing maintenance work under calm conditions. The design 
also ensures the proper operation for the acceptable meteo-
oceanographic average conditions and the survival of the buoy 
under extreme storms. The flotation material is based on a closed 
cell filled with foam to permit flotation even in the case of 
damages to the buoy structure. The LIDAR structure is protected 
from waves running over the deck by placing it at a threshold 
height above it. 
 
High-resolution meteorological modelling 
The meteorological code employed for the simulations is the 
weather research and forecasting model WRF (Skamarok et al., 
2008) which is a numerical weather prediction and atmospheric 
simulation system and that has been used to dynamically 
downscale the outputs of the European Centre for Medium Range 
Weather Forecast. This has meant going from a Mediterranean 
mesh of a 1/2 degree resolution (roughly 42km) for the European 
Centre simulations to a fine mesh of 1km over the Zèfir test site 
for the computations here performed.  
The WRF model has been improved for this application using 
the wind measurements from the buoy deployed during the 
NEPTUNE project intensive campaign, using wind measurements 
at 4m above the mean sea level. The first improvement has 
consisted in an analysis of the relation between winds at 10m and 
4m based on the Monin and Obukof (1954) similarity theory. We 
have also adapted a new surface layer parameterization (Jimenez 
et al 2012) that provides more suitable similarity functions 
simulating the atmospheric surface layer evolution under strong 
and stable/unstable conditions. This is one of the first instances 
where such a scheme has been tested over the ocean where, 
because of the limited amount of information available, there has 
been a scarcity of calibrations and validations.  
 
Figure 4. Wind speed and direction of observations at the Zèfir 
buoy and WRF simulations. The WRF wind speeds are reasonable 
for some days while for others the simulations depart from the 
measured values. These discrepancies have been related to the 
veering wind directions and a relatively poor simulation in wind 
direction. 
 
Figure 3. Schematic representation of the eOLOS instrumented 
buoy to be deployed in the Zèfir test site (Catalan Mediterranean 
coast) for simultaneous measurement of meteo-oceanographic 
variables. 
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The meteo simulations have been structured in four different 
domains, consistent with the oceanographic ones. The first one 
covers the western Mediterranean with a resolution of 27km and 
generates boundary conditions for the Balearic Sea or second 
domain with a mesh of 9km. 
The third domain is centred over the Catalan coast and has a 
mesh size of 3km while the last one, with a mesh size of 1km lies 
above the Zèfir test site. The numerical results have been validated 
with the meteo data from the NEPTUNE buoy, using mainly the 
mean and maximum hourly wind speeds and directions. The time 
period chosen to assess the WRF performance is the same as the 
one selected for the wave and current conditions, that is from 11 to 
30 November 2011. 
The WRF results have been compared to the Zèfir 
measurements as shown in Figure 4. The general trend is an 
underestimation for the ECMWF (coarse resolution runs) and a 
partial overestimation for the high resolution WRF winds when 
compared to the actually measured wind velocities. The problem 
is compounded by a relatively poor time resolution (every 6h) that 
does not allow capturing realistically the variation in wind speed 
associated to the short duration storms present in the 
Mediterranean. 
More specifically, the European Centre coarse scale values tend 
to underestimate the real ones and for some intervals they do not 
appear to be quite realistic. On the other hand, the WRF higher 
resolution values follow more closely the observations pattern, 
although the fit is not always good and also features important 
discrepancies. This has been related, in both cases, to changes in 
wind direction and, of course, it reflects the two very different 
resolutions (mesh sizes) of the two runs. 
It can be concluded that the detailed wind speed and direction 
over the sea is still difficult to simulate at high resolution. The 
problem is compounded by the limited number of measurements 
over the sea surface. It is clear, however, that an increase in 
resolution with the proper parameterizations improves the fit 
between observations and simulations, although the performance 
of the WRF surface layer (closure) sub-models needs still further 
improvement. The quality of the agreement strongly depends on 
the directional sector of the resulting wind and, in general terms, 
on the mean features of the synoptic situation, since they condition 
the main geometric and meteorological variables. 
High resolution wave modelling 
The SWAN model has been the code selected to simulate wave 
generation and propagation in the coastal sea surrounding the Ebro 
Delta and including the Zèfir test site (Figure 2). SWAN is a third 
generation wave model (Booij et al., 1999) based on the wave 
action balance equation and incorporating the triad wave-wave 
interactions and depth induced breaking that can be of significance 
in the relatively wide continental shelf in front in the Ebro Delta 
area. 
In order to assess the effect of higher resolution in the accuracy 
and reliability of the results obtained, we have used the four 
computational domains described above, downscaling to the 
Catalan shelf (grid size 1km) and the coast near the Ebro Delta 
including the Zèfir test site (grid 250m). 
This arrangement should be able to capture the highly variable 
meteo-oceanographic conditions in the zone. The shelf and coastal 
domains show the deep water buoy (point A) used to validate the 
results and the two shallow water buoys (points C and B), used to 
assess the accuracy of predictions very near the coast. 
 The period selected for the assessment corresponds (as for the 
meteo case) to November 2011, because of the sharp variability 
and short duration storm events occurring during that interval. The 
observed wave conditions present a significant wave height 
between 0.5m and 2m in the more coastal buoys (C and B) 
whereas the deeper water buoy (A) reached a wave height of 
3.5m. This variability as a function of water depth and fetch 
distance from the coast show a reasonable agreement with the 
simulations with a steadiness in wave period during the 
propagation while the wave direction evolves according to what 
would be expected from mainly refraction across the continental 
shelf. During November 2011 most of the wave conditions 
corresponded to East and South storms, two of the most common 
ones (Bolaños et al., 2009) in this part of the Mediterranean. The 
periods in between were characterized by North Western winds, 
by far the most frequent pattern in the area. The period range 
during the interval was between 3 and 8 seconds. 
Two wind fields have been selected for the analysis here 
presented, the first one provided by the European Centre 
(ECMWF), covering all the Mediterranean and with a grid 
resolution of half a degree (roughly 42km) and a time frequency 
of 24h. The second wind field has a higher resolution and 
corresponds to the prediction by CIEMAT in the small (coastal) 
domain, with a mesh size of 1km and a time frequency of 1h. The 
predictions have been validated with wave observations from the 
XIOM buoys (point C) and the network from Puertos del Estado 
(point A). We have also added an intermediate water depth point 
(B) from a specific intensive field campaign carried out during this 
research project. A summary of the different domains and wind 
 
 
 
  
Figure 5.  Significant wave height Hs (left column) and mean 
wave period Tz (right column) measured by the various buoys in 
the coastal transect during the study period. The letter indicates 
position as described in Figure 2 (buoy A is at 700m depth –upper 
row– buoy B at 40m depth –central row– and buoy C at 60m 
depth –lower row–). 
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driving considered, together with the main validation points, 
appears in Table 1. 
The wave results using the coarse winds from ECMWF appear 
in figure 5 that shows the significant wave height and mean wave 
period at the three buoys. The SWAN model shows a general 
under prediction, particularly for the peak of the storm and 
affecting both wave height and wave period. In this latter case 
there appears to be a consistent bias that can therefore be 
corrected. In general the model reproduces better, for this coarse 
grid simulation, the conditions in the deeper water buoy (position 
A) as expected.  
When using the high resolution wind (Figure 6), the results 
present a more realistic variability and a smaller deviation with 
respect to the measurements, particularly when the bias of the 
wave period is corrected. Nevertheless the model still shows an 
under prediction for the storm peaks and a slight lag (normally a 
slight delay) in the predicted occurrence of the storm peak. These 
results only cover a short period of time and therefore cannot be 
used to improve the physics of the model, just to introduce some 
simple statistical corrections as it has been done for the wave 
period. However it is worthwhile noting that the significant wave 
height error may reach values of 100% for these coastal regions in 
contrast to the planetary error which is below 10%. 
High resolution circulation modelling 
In order to solve the complex circulation pattern near the Zèfir 
station, with implications for the environmental impact and 
maintenance operations of the platform, we have selected a 3D 
finite differences model based on the Reynold’s averaged Navier-
Stokes equations, using the hydrostatic and Boussinesq 
approximations and an explicit time stepping algorithm 
(Shchepetkin and McWilliams, 2005; Haidvogel et al., 2008). 
The code (ROMS) has been programed to include the bottom 
friction and the air sea fluxes at the ocean – air interface. We have 
used a nested modelling sequence that, starting with a resolution 
of 1km (the CATalan SHElf or SHECAT model) simulates the 
physical interactions between the general circulation (mainly the 
“northern” current) and the shelf circulation over the Catalan 
shelf, using a nesting ratio of 5 (Blayo and Debreu, 2005). The 
normal velocities from SHECAT are then adjusted to preserve the 
total mass flux into the coastal domain, with a grid size of 250m 
and 20 sigma levels in the vertical. The open boundary conditions 
are forced by a Mediterranean scale circulation model (Tonani et 
al., 2009) with a resolution of 1/16º and 71 un-evenly spaced 
vertical levels, which is part of the MyOcean forecasting system, 
providing daily averaged temperature, salinity, sea level and 
horizontal velocity fields. 
The coarse resolution runs have been driven by the daily 
atmospheric fluxes (heat and freshwater fluxes plus wind stress) 
from the European Centre (ECMWF) while the high-resolution 
runs have been driven by the high-resolution meteo simulations 
from CIEMAT in the coastal domains. The simulated currents 
have been compared in terms of overall consistency, reported 
mesoscale and transient features in the literature and the results 
from an acoustic Doppler current profiler moored at the Zèfir buoy 
(Figure 2) at a depth of 60m (obtaining velocity profiles at 50m 
depth). 
The high resolution meteo fields (with a grid size of 1km and a 
time step of 1 hour) show an increasing level of variability and 
complexity. The results from the coastal domain suppose an 
improvement with respect to the shelf domain, in terms of 
temporal variability and water velocity and particularly for the 
higher resolution wind fields from CIEMAT (Figure 7). Both 
coastal and shelf domains suppose an improvement with respect to 
the MyOcean products with a one day resolution. The high 
temporal variability is also well captured in pattern (although not 
in detail) when using the high resolution winds and the more 
coastal domains. This supports the need of high resolution wind 
fields and oceanographic discretizations to solve the sharp 
gradient conditions prevailing in the Zèfir station area due to the 
complex topography and bathymetry. 
CONCLUDING REMARKS 
The large differences between large scale (conventional) 
predictions and observations for short duration, sharp gradient 
events such as those in the western Mediterranean, require high 
resolution and conveniently parameterized numerical simulations 
capable to reproduce more faithfully the prevailing meteo and 
oceanographic conditions. For cases with limited fetch (e.g. winds 
blowing from land), duration limited storms and veering winds, 
the error gets even larger and the models require a local 
conditioning with remote and in situ observations, one of the more 
direct approaches to bound the presented discrepancies under this 
 
Figure 6: Comparison of measured and modelled significant wave 
height at the buoy C position. In blue the measured data, in red the 
SWAN results from a simulation in the coastal domain grid with 
the ECMWF wind, and in green the same simulation forced with 
the high resolution wind from CIEMAT. 
 
Figure 7. Along-shelf and across-shelf water currents measured 
at the Zèfir buoy location and computed with ROMS. Shelf 
(SHECAT) results computed using ECMWF winds and coastal 
(CSTEBRE) results using ECMWF and CIEMAT winds. 
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type of conditions. 
The preliminary runs carried out for the Zèfir site in the Spanish 
Mediterranean coast, show an improvement of pattern and point 
values when using high resolution simulations, provided that the 
nesting ratios are adequate and that the internal boundary 
conditions allow an efficient input and output flow of information 
at the internal model boundaries.  
The limited number of observations over the sea and the 
limitations they present, particularly for meteorological variables, 
point out the need to develop a robust meteo-oceanographic 
station such as the one proposed within the Neptune project. The 
simultaneous and collocated observations of meteorological and 
oceanographic parameters in a robust sensor that can be deployed 
at intermediate and deep water conditions, such as those found in 
the Mediterranean and at a reasonable coast, provide a way to 
further condition and improve numerical results. 
The synergic combination of measurements and models at 
increasingly higher resolution and including assimilation will 
therefore prepare the way for more reliable results (as required by 
the offshore renewable energy industry) with an explicit 
identification of the uncertainty intervals associated to the 
predictions. 
This will lead to more robust assessments of the renewable 
(wind-based in this case) energy potential off the Catalan coast 
where the pressures and need for energy require exploring the 
resource available in shelf waters. 
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Table 1.   Summary of the different simulations performed in this paper, showing the domain (Figure 2), the driving (input) 
meteo field and the validation points (Figure 2). 
Period Domains Wind input Validation data 
   November 2011 Western Mediterranean ECMWF (Δx=42km; Δt=24 h)  
 Balearic Sea ECMWF (Δx=42km; Δt=24 h) A 
 Catlan Coast ECMWF (Δx=42km; Δt=24 h) A, B and C 
 Ebro Delta ECMWF (Δx=42km; Δt=24 h) B and C 
 Ebro Delta Ciemat (Δx=1km; Δt=1 h) B anc C 
    
